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ABSTRACT 

This paper presents the chemical abundance analysis of a sample of 27 red 
giant stars located in 4 popolous intermediate-age globular clusters in the Large 
Magellanic Cloud, namely NGC 1651, 1783, 1978 and 2173. This analysis is based 
on high-resolution (R~47000) spectra obtained with the UVES@VLT spectro- 
graph. For each cluster we derived up to 20 abundance ratios sampling the main 
chemical elemental groups, namely light odd-Z, a, iron-peak and neutron-capture 
elements. 

All the analysed abundance patterns behave similarly in the 4 clusters and 
also show negligible star-to-star scatter within each cluster. We find [Fe/H]=- 
0.30±0.03, -0.35±0.02, -0.38±0.02 and -0.51±0.03 dex for NGC 1651, 1783, 1978 
and 2173, respectively. 
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The measurement of light odd-Z nuclei gives slightly subsolar [Na/Fe] and a 
more significant [Al/Fe] depletion (~-0.50 dex). The [a/Fe] abundance ratios 
are nearly solar, while the iron-peak elements well trace that one of the iron, 
s-process elements behave in a peculiar way: light s-elements give subsolar [Y/Fe] 
and [Zr/Fe] abundance ratios, while heavy s-elements give enhanced [Ba/Fe], 
[La/Fe] and [Nd/Fe] with respect to the solar values. Also, the [Eu/Fe] abun- 
dance ratio turns out to be enhanced (~0.4 dex). 

Subject headings: globular clusters — Magellanic Clouds — stars: abundances 
— techniques: spectroscopic 



1. Introduction 



The Large Magellanic Cloud (LMC) is the nearest galaxy with a present-day star- 
formation activity and it represents a formidable laboratory for the stu dy of stellar popula- 

tions . Its globular cluster (GC) system show s a wide distri bution of ages (ISearle. Wilkinson. &: Bagnuolo 



1980| : IeIsou k FalllQSsI : ICeisler et al.lll997h. m etaUi cities dSagar fc Pandev lll989l:loisz ewski et al. 



199ll ) and integrated colors (Ivan den Berghl Il98ll : iPersson et al.lll983l ). In particular, we 
can distinguis h three main stella r populations: an old and metal poor population (~13 
Gyr, see e.g. Brocato et al. 1996 : Olsen et al. 19981), the analogous o f the Galactic halo 



GCs, an intermediate-age po pulation (~l-3 Gyr 



Gallart et al. 2003: Ferraro et al. 2004 



Mucciarelli et al 



2006 



2007al) and a yo ung population, with clusters younger than 1 Gyr 



( Fischer et al. 19981 : Brocato et al.l 2003 ) . The lack of objects with ages in the ^3- 10 Gyr 
range, the so-called Age Gap ( iRich et al.ll200ll : iBekki et al.ll2004 iMackev et al.ll2006l ) repre- 
sents one of the long-standing problems related to the clusters formation history of the 
LMC {a. simila r Age Gap is not seen in the Small Magellanic Cloud (SMC) clusters). 
Bekki &: Chibal (120051 ) discussed three possible scenarios to solve this problem: (1) after 
the initial burst of clusters at the epoch of the galaxy formation (~13 Gyr ago) the clus- 
ter formation has been interrupted until ~3 Gyr ago; (2) the cluster formation has been 
not suspended after the initial burst. The cluster with ages between ~13 and 3 Gyr have 
been tidally stripped, or (3) p referentially destroyed by the LMC tida l field. The most re- 
cent theoretical investigations (IBekki et al.ll2004l : iBekki fc Chiball2005l ) have shown that the 
main episodes of star formation in the LMC can be related to the close encounters with 



^Based on observations obtained at Paranal ESO Observatory under proposal 072.D-0337(A), 072. D- 
0342(A) and 074.D-0369(A). 
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the SMC. These latter events could be also responsible for the formation of the off-center 
Bar and the age distribution of the LMC GC system. In particular, the first, very close 
encounter between the LMC and SMC (~4 Gyr ago) was able to re-ignite the cluster for- 
mation, w ith a rapid chemical enrichm ent due to this very efficient star formation activity 
(see also iPagel fc Tautvaisiend Il998l ). Moreover, a possible infall of metal-poor material 
from the SMC c ould be th e origin of some r aetal- poor, young LMC clusters, observed by 
Olszewski et~aD Jl99lh and ICrocholski et all J2006h . 



The LMC GCs are ideal tracers of the chemical evolution of their host galaxy, record- 
ing in their abundance patterns the level of enrichment in the galactic environment at the 
time of their formation. However, our knowledge of the chemical abundances of the LMC 
GCs is still very sparse and uncertain. Most of the informat i on still rely on p hotome- 
try f Jasniewicz fc Thevenin 1994 : De Freitas Pacheco et al. 19981: Dirsch et al. 200oh or low- 
resolut ion spectroscopy (see e .g., Olszewski et al.l ( 199ll ) and Grocholski et al. ( 2006 )). Re- 
cently, iGrocholski et al.l (120061 ) derived a new, homogeneous metallicity scale for 23 intermediate- 
age and 5 old LMC clusters based on the Ca II triplet lines, observed with F0RS2@VLT. 
The derived mean metallicities are [Fe/H|k -0.48 dex (with rms=0.09) and [Fe/H]=-1.66 
dex (with rms=0.27) for the intermediate-age and old clusters, respectively. 

Despite the new generation of 8-meter class telescopes, detailed chemical information 
about the LMC clusters from high-resolution spectra are limited to a few stars in a few 
clusters and they are insufficient to draw a global picture of the chemical properties of these 
objects and to constrain the timescales of the chemical enrichment. 



Several studies have con cerned 3 youn g, populous clusters, nam ely NGC 1818 (IRichtler et al. 



1989 ; iKorn et al.ll2000h . NGC 2004 (IKorn et all l200d . [2002) and NGC 2203 (ISmith et al. 



20021). indicatin g a high metallicity ([Fe/H]>-0.6 dex) and a mild deficiency of a-elements. 
Hill et al.l (120001 ) presented chemical abundances of Fe, O and Al from high-resolution spectra 
of 10 red giant stars in 4 LMC globular clusters, namely NGC 1866, NGC 1978, ESO 121 
and NGC 2210, spanning the entire age range of the LMC clusters system. They found 
[Fe/H]=-0.50, -0.96, -0.91 and -1.75 dex, respectively an d slightly enhanced j O/Fe] and 
slightly depleted [Al/Fe] with respect to the solar ratios. IJohnson et al.l (120061 ) presented 
detailed abundances for 10 giant stars in 4 old globular clusters, namely NGC 1898, NGC 
2005, NGC 2019 and Hodge 11, finding [Fe/H]= -1.23, -1.47, -1.37 and -2.21 dex, respectively. 
They generally found abundance ratios comparable to those of the Galactic GCs. Exceptions 
are the [Ca/Fe] and [Ti/Fe] ratios, similar to the solar values, and [V/Fe] and [Ni/Fe] which 
are significantly underabundant (by a factor of 2-3) with respect to the solar ratio. Finally, 



^We adopt the usual spectroscopic notation: [A]=log(^)sta,.-log(^)0 for each element abundance A; 
log(A) is the abundance by number of the element A in the standard scale where log(H)=12. 



-4- 



Ferraro et al.l (120061 ) reported the iron content of the intermediate-age cluster NGC 1978 
based on the analysis of eleven giant stars observed with the high resolution spe ctrograph 



FLAM ES@VLT. For this cluster a l arge metallicit y dispe rsion has been claimed by lHill et al. 



( 120001 ) based on 2 stars only, but iFerraro et al.l (120061 ) new analysis shows no significant 
dispersion of the iron content. 

On the other hand, several works have been addressed to investigate the metallicity 
of the LMC field. Abundances from mid-high resolution spectroscopy are available for few 



samples of giant and supergiant s tars (iRussell fc Bessell 



Hill et ahlEogsl : ISmith et al.ll2002[ ) and variables Jluck et al.lllQQsj ). Furthermore 



J2005h 



19891: 



McWiUiam fc WiUiamsl 



1991 



Cole et al. 



presented a spectroscopical survey for 373 red giants in the LMC bar, based on Ca II 
triplet analysis. The derived metallicity distribution function is peaked at the median value 
of [Fe/H]=-0.3 7 dex a nd only a small number of stars shows a metallicity [Fe/H]<-2.10 dex. 
Pompeia et al.l (120061 ) reported abundance ratios for 62 giant stars located in the inner disk 
of the LMC, finding an average [Fe/H]=-0.80 dex (rms=0.29 dex), roughly solar [a/ Fe\ and 
[iron-peak/Fe] abundance ratios. They also measured s-process elements, finding a depletion 
of [light-s/Fe] and an enhancement of [heavy-s/Fe] with respect to solar. Very recently, 
Carrera et al.l (120071 ) analysed ~500 giant stars at different distance from the LMC center; 
their analysis, based on Ca II triplet, confirms the previous surveys, with a mean metallicity 
constant until to 6° from the LMC center ([Fe/H]~-0.5 dex) and a weak decrease in the 
outermost field ([Fe/H]~-0.8 dex). 



The present study is the second ( after iFerraro et al.ll2006l ) of a long-term project devoted 
to obtain a complete screening of the chemical abundances and abundance patterns of a 
sample of pillar LMC GCs. In this paper we describe the chemical abundance analysis of 27 
red giant stars members of 4 LMC clusters, belonging to the intermediate-age population. 
Future papers will be devoted to study the chemical properties of the young and old cluster 
populations. The overall goal of this project is twofold: 

(1) the definition of a new and homogeneous metallicity scale for the LMC GC system 
based on high resolution spectra of giant stars, members of a representative number of pillar 
clusters, sampling different ages. This scale, combined with high-quality optical photometric 
datasets, will be crucia l to obtain precise ages for these clusters (see the recent results in 
MucciareUi et al.ll2007al ): 

(2) a detailed comparison of the cluster populations and their chemical abundance patterns 
with those in the LMC fields and in other galactic environments. This is crucial to constrain 
the age-metallicity relation and the overall star formation and chemical enrichment of the 
LMC. 



In particular, the chemical signatures of the intermediate-age LMC GCs (a class of 
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objects still poorly studied, especially at high spectral resolution) provide information about 
the global metallicity of the LMC (these clusters represen t the majority of the entire LMC 
cluster population, as discussed by [Olszewski et al.l (Il99ll )) and to test the level of chemical 
enrichment in the last 3 Gyr, afte r the r estart of the cluster formation, according to the 
scenario drawn by iBekki &: Chibal (120051 ). Moreover, a detailed knowledge of the whole 
chemistry of the GC system (both young and old clusters) is fundamental to understand the 
formation of the dwarf irregulars (l ike LMC and SMC ) in the framework of the hierarchical 
models (see the accurate review by lGeisler et al.l 120071 ). 



This paper is organized as follows: Sect. 2 describes the observational dataset. Sect. 3 
the computation of the atmospheric parameters, the measurements of the line equivalent 
widths (EW) and the error budget. Sect. 4 presents the results of our abundance analysis 
for the most important chemical elements. Finally, Sect. 5 and 6 report our discussion and 
conclusions. 



Observational data 



The observatioii s were performed by using the multi-object spectrograph FLAMES 
( jPasquini et al.ll2002l ). mounted at the Kueyen 8 m-telescope (UT2) of the ESO Very Large 
Telescope on Cerro Paranal (Chile). We used FLAMES in the UVES+GIRAFFE/MEDUSA 
combined mode for a total of 8 UVES and 132 MEDUSA fibres. Here we present the results 
of the UVES Red Arm survey which provides high resolution (R~ 47000) spectra in the 
4800-6800 A wavelength range of 6-7 stars in one shot. The spectra were acquired during 
3 nights allocated to the ESO Program 072.D-0342(A). Additional observations were per- 
formed as back-up programmes in two Visitors Mode runs (ESO Program 072.D-0337(A) 
and ESO Program 074.D-0369(A)). The selection of the target stars is based on our high 
quality near-infrared (J, H and K filters) photometric catalogs of a large sam ple of LMC clus- 
ters, as secured by our group flFerraro et al.ll2004l : iMucciarelli et al.ll2006l ). These catalogs 
have been astrometrized onto the 2MASS system. The selected stars for the spectroscopic 
survey belong to t he brightest portion of the RGB (K<14), whose tip is located at Kq ~12.1 
( ICioni et al.ll2000l ). in order to minimize the possible contamination by AGE stars. Fig. 1 
shows the (K, J-K) CMDs of the 4 clusters with marked the spectroscopic targets. 
The spectra have been acquired in series of 4-6 exposures of ^45min eac h: the pre-reductiq n 
procedure has been performed by using the UVES ESO-MIDAS pipeline (IMulas et al.ll2002l ). 
which includes bias subtraction, flat-field correction and wavelength calibration with a ref- 
erence Th-Ar calibration lamp. 



All the exposures relative to a given star have been sky-subtracted, corrected for radial 
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velocity (by using several tens of metallic lines) and average-combined together, providing 
a final, equivalent spectrum of total exposure time of 3-5 hrs, with a typical S/N^30-40 at 
about 6000 A). The radial velocities included heliocentric corrections, calculated by using 
the IRAF task RVCORRECT. We find v^ =233.1±1.8 km/s (rms=3.6 km/s), v^ =277.6±1.0 
km/s (rms=2.3 km/s), Vr =236.8±0.4 km/s (rms=1.2 km/s), Vr =293.1±1.5 km/s (rms=3.1 
km/s) for NGC 1651, NGC 1783, NGC 1978 and NGC 2173 respectively. These v alues 
are in excellent agreem ent with previous determinations by [Olszewski et al.l (jl99ll ) and 
Grocholski et al.l (120061 ) . Tab. 1 lists the main data for each observed star: S/N, helio- 



centric radial velocity, near-infr ared magnitude Jn and color (J — K)o, right ascension and 
declination (from the catalog by iMucciarelli et al.ll2006l ). 



3. Analysis of the observed spectra 

This section describes the analysis of the observed spectra and the computation of 
the stellar parameters, providing measurements of line EWs, stellar temperatures (Tg//), 
gravities (log g) and microturbulence {vt) and the corresponding error budget. 



3.1. Equivalent widths 



The analysis of the observed spectra and the computation of the chem ical abundance s 
(for Fe and other elements) was performed by using the ROSA package ( IGrattonl Il988l ). 
The line EWs from the observed spectra have been measured by Ga ussian fitting of the lin e 
profiles, adopting a relationship between EW and FWHM (see e.g. iBragaglia et al.ll200ll ). 
The local continuum has been derived by applying an iterative clipping average over the 
points with highest counts around each line. 

An empirical estimate of the internal error in the measurement of EWs can be obtained by 
comparing a large sample of line EWs in pairs of stars with similar physical parameters. 
We derived an average rms of 13.3, 8.5, 10.3 and 10.5 mi for NGC 1651, NGC 1783, NGC 
1978 and NGC 2173, respectively. Such rms estimates should be divided by -\/2, since they 
are distributed in equal proportion to the two stars in each pair, thus giving final values of 
9.4, 6.0, 7.3 and 7. 4 mA for the 4 clusters, respectively. These errors are larger than those 
obtained from the ICayrell (119881 ) formula (which yields a typical uncertainty of ^4.2 mA), 
since the latter neglects for example the uncertainty in the continuum location, which is the 
dominant source of error in metal-rich, crowded spectra of rather cool giants. Table 2 lists 
some measured EWs, the complete set being available in electronic form. 
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3.2. Stellar parameters 

Stellar Tg// were obtained fr om the near-in f rared color (J-K), corrected for reddening 



Rieke & Lebofskv 


(1985) 


Monteeriffo et al. 


fl998h 



19851) . W e adopted two different co lor- Tp/-y transformations, namely by 



well in agreement within <50 K, we used the average of the two values. 

Gravities were estimated by using the relation between T^ff, stellar mass and luminosity: 

M . 



9q 



4log{^^) + 0A{M,, 



M, 



bol,Q, 



ff,e 



+ log{ 







by adopting the solar refere nces log q(7)=4.43 7, Te//,0=577O K and Mboi,Q=4:.75, according to 
the lAU recommendations (lAndersen 1119991 ). For ea ch target star M^qi has been estimated 



from the s-parameter (lElson fc Fal. 



Montegriffo et a 



Castellani et al 



1988 



from the K magnitude, a nd using (m — M) n =18.5 (Ivan den Berghlll998l : lAlves 1 12004 ) and 
bolometric corrections by 
using suitable isochrones ( 



2003: 



(119981). Stellar masses have been estimated by 



Cariulo et al.ll2004j ). adopting ages derived 



Girardi et al. 19951 ) calibration, and an average 



metallicity of Z=0.008 (iCole et al.l 120051 ). typical of the LMC. All the program stars have 
similar Te// (~3600-4000 K), and gravities log g (~0.5-1.2 dex). 

Microturbulent velocities were estimated by eliminating t he trend of ab undances with 
the expected line strengths, accordingly to the prescription of iMagainI (119841 ) and by using 
a large number (80-90) of Fe I lines for each star. 

The model overall metallicity [A/H] wa s chosen as tha t of the model atmosphere ex- 
tracted from the grid of ATLAS models by iKuruca (Il993l ). with the overshooting option 
switched on, whose abundance matches the one derived from Fe I lines when adopting the 
appropriate atmospheric parameters for each star. The atomic p arameters, line l ist an d so- 
lar reference abundan ces adopted in this analysis are described in iGratton et al.l (120031 ) and 
Carretta et aP J2004h . 



Fig. 2 shows, as an example of consistency check, the iron abundance log n(Fe) from the 
Fe I lines as a function of the excitation potential x, expected line strength and wavelength 
for one of the star in our sample, together with the linear fit to each distribution (dashed 
lines). The log n(Fe)-x relationship for each target star shows only a marginal slope (~ 
-0.02 dex/eV and reported in Fig. 3 as a function of the T^fj), confirming that the adopted 
photometric T^ff well reproduce the excitation equilibrium. The lack of significant trends 
in the relationship between iron abundance and the expected line strength (Fig. 2, middle 
panel) supports the validity of the adopted Vt values. The derived iron abundances show 
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no trend with the wavelength (Fig. 2, lower panel); this represents a good sanity check 
regarding the continuum placement. 



3.3. Error budget 

We computed the total uncerta ir ity in the derived abundances, according to the treat- 



ment discussed by iMcWilliam et al.l (119951 ). The variance of a generic abundance ratio [X] 



is estimated by using the following formula: 

^2 _ 2 I 2 I ^2 , 2 /_^[^x2 I 2 ( J^^^\vi , 2 /f^[^N2 

where (T£;vi/ is the abundance uncertainty due to the error in the EW measurement, cTj is 
the internal error related to the atmospheric parameter i and indicates the differential 
variation of the derived abundance [X] with respect to the atmospheric parameter i. These 
latter terms have been computed for all the elements analysed in this work by re-iterating 
the analysis varying each time only one parameter, by assuming variations of ATe//=100K, 
iSXog g=0.2 dex, A[A/ H]=0.1 dex and Avt=0.2 km/s. Tab. 3 reports the results of such 
an analysis for the star NGC 1783-29. The terms of covariance that measure the correlation 
between the atmospheric parameters are not included in the above formula. 

The main error sources in the determination of Te// are the photometric error related 
to (J-K) color and reddening E(B-V). All the program stars are brighter than K~14 and the 
typical photometric error for the (J-K) color is ~ 0.03 mag; for the reddening we assumed 
a conservative uncertainty of ~ 20%. These terms translate into a ±60 K temperature un- 
certainty. In computing the uncertainty due to the stellar gravity, we took into account four 
main error sources: the error in T^ff, in mass (±10%), in distance modulus (±0.1 mag) and 
in bolometric correction (±0.05 mag). From the quadratic sum of these uncertainties, a total 
error in logg of ±0.08 dex has been obtained. To estimate the error in the microturbolent 
velocity we repeated the analysis by changing the Vt value until the Idsiope value for the 
slope of the abundance - expected line strength relation has been reached. The internal 
error associated to Vt is typically 0.10-0.17 km/s. 

An estimate of the error in the derived abundances due to the uncertainty in the mea- 
surement of EWs has been estimated by weighting the average Fe I line-to-line scatter (0.18 
dex) with the square root of the mean number of measured lines Ni for each i element: 

0.18 

O'EW - 



Finally, we assumed an additional ±0.1 dex uncertainty due to the choice of the best-fit 
model atmosphere. 
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Chemical abundances 



Tab. 4-9 report the abundances of aU analysed elements (with the number of measured 
spectral lines and the corresponding line-to-line scatter) for the target stars and Tab. 10 
and 11 summarize the average ratios for the 4 LMC clusters with the number of used stars, 
the observed star-to-star scatter (aobs) and the expected error (aexp) computed accordingly 
to the procedure described in Sec. 3.3. For each cluster, Fig. 4-8 plot the average val- 
ues of the derived abundance ratios (big grey points). For comparison, the corresponding 
abundance ratios o f other intermediate-a ge stellar populations are reported, namely LMC 
disk gian t stars bv JPompeia et al.l (120061 ) (empty triangles), intermedia te-age LMC cluster 
giants by Hill et al. (j2000 ) (empty square s). Galactic thin disk dwarfs bylReddv et aL ( 2003 ) 
(small grey poin t s) an d Sgr giant stars by lBonifacio et al.l (120001 ) : [Monaco et al. N2005l . l2007h : 
Sbordone et al.l (120071 ) (small black points). 



4.1. Iron and Iron-peak elements 



The mean iron abu ndance of the cluster N GC 1651 results [Fe/H]=-0.30±0.03 dex with 
rms=0.07 dex, whereas [Olszewski et al.l (Il99ll) derived [Fe/H]= -0.37±0.20 dex. Photomet- 
ric deter minations have been pr esented by jPirsch et al.l (l2000l . from Stromgreen photome- 
try) and ISarajedini et al.l (120021 . from isochron es fitting), sugges t ing [F e/H]=-0.65 dex and 
[Fe/H]=-0.07±0.10 dex, respectively. Recentlv. Icrocholski et aP J2006h estimated [Fe/H]=- 
0.53±0.03 dex, by using the Ca II triplet of 9 giant stars. 

NGC 1783 shows a mean iron abundance of [Fe/H]=-0.35±0.02 dex with rms=0.06 dex. For 



this cluster only phot ometric determinations ar e avail able : ISagar fc Pandey I (119891 ) found 
[Fe/H]=-0.45 dex and lPe Freitas Pacheco et all Jl998h found [Fe/H]=-0.75 dex. 
The results about the iron a bundance of NGC 19 78 ([Fe/H]=-0.38±0.02 dex with rms=0.07 
dex) have been discussed by Ferraro et al. ( 20061 ). 

The iron content of N GC 2173 turns out to be [ Fe/H]=-0.51ifc0.03 with rms=0.0 7 dex. 
Olszewski et"aD (ll99ll) give [Fe/H]=-0.24±0.2 dex, IPe Freitas Pacheco et all Jl998h found 
[Fe/H]=-0.50 dex and ICrocholski et all tood ) found [Fe/H]=-0.42±0.03 dex, by using the 
Lick index and the Ca II triplet, respectively. 

We also measured lines of several elements of the Fe-group, namely Sc, V, Cr, Co and 
Ni. Corrections for the hyperfine structure (H FS) due to non- z ero nu clear magnetic moment, 
were applied to the Sell, V and Co lines, as in lGratton et al.l (l2003l . and references therein). 
The abundance ratios between these elements and Fe is roughly solar in all the 4 clusters. 
In order to cross-check the abundances derived from the EW measurements, we performed 
a synthetic spectrum fitting for some lines of these elements, finding a negligible difference 
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between these two determinations. 



4.2. Light odd-Z elements 



Na abundances were derived from the AA5682-88 A and A A6 154-60 A d oublets and they 
include non-LTE corrections computed accordingly to lGratton et al.l (119991 ). The differences 
between LTE and non-LTE derived abundances are generally as large as ~0.2 dex, with 
a maximum discrepancy of ~0.35 dex in the coolest star of the sample. Three clusters 
(NGC 1651, NGC 1783 and NGC 1978) exhibit mild depletion of [Na/Fe]<-0.1 dex while 
this ratio is solar in NGC 2173, without appreciable intrinsic star-to-star scatter. 
Al abundances were derived from the AA6696-98 A doublet. These lines do not include non- 



LTE corrections, following the extensive discussion by lBaumueller fc Gehreru (119961 ). All the 
target clusters are characterized by a significant depletion of [Al/Fe], typically < -0.3 dex. 
Also for thi s ratio, the intrin sic star-to-star scatter is negligible. NGC 1978 was previously 
observed by lHill et al.l (120001 ) who found [Al/Fe]=0.10 dex from the analysis of 2 giants, only. 
This value turns out to be ~0.6 dex higher than that found here ([Al/Fe]=-0.52 dex), the 
discrepancy is likely due to the strong di fference (~0.6 dex) in the iron content derived from 
the two analysis (see lFerraro et al.ll2006l ). Indeed, their [Al/H] abundance is consistent with 
our estimate within the errors. 



4.3. a-elements 

A number of lines for those elements formed through a-capture, namely O, Mg, Si, Ca 
and Ti, were measured. For all these elements we note a high level of homogeneity, with the 
star-to-star scatter consistent with the measured errors and without significant trends with 

The O analysis is based on the forbidden lines at A6300.31 A and A6363.79 A. These lines 
are not blended with telluric features, with the only exception of the line at A6300.31 A in 
the NGC 1978 spectra, which is blended with the telluric absorption line. For these stars 
this spurious contribution was removed by using the IRAF task TELLURIC and adopting as 
template spectrum an early type star. At the UVES resolution, the A6300.31 A feature is well 
separated from the Sell line at A6300.69 A but contaminated by the very close Ni transition 
at A6300.34 A. In order to measure the correct oxygen abundance we used spectrum synthesis 
convolved with a Gaussian instrumental profile. 

To model the Ni line we used the measured abundance (see Sect. 4.1), while to model 
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the various CN lines we needed to assume C and N abundances ([C/Fe]=-0.5 dex and 
[N/Fe]=+0.5 dex) since not directly measurable. However, it must be noted that the as- 
sumed C and N abundances in the typical range shown by RGB stars (e.g. -l<[C/Fe]<0.0 
and 0.0<[N/Fe]<+1) have only a marginal impact on the derived O abundance. For the other 
a-elements we cross-checked the results derived by the EW measurements, by performing a 
synthetic spectrum fitting for some test lines. This sanity check confirms the reliability of 
the derived abundances for these elements. Furthermore, the spectral region between A6155 
and A6167 A (used to test the Ca abundances) includes the Ca line at A6162.17 A with 
strong damping wings, that are very sensitive to the electronic pres sure and to the gravit y 
but not sensitive to T^ff, Vt and non-LTE effects (see discussion in iMishenina et al.ll2006l ). 



We are able to well-reproduce the wings shape of this line, confirming the reliability of the 
adopted gravities. 

All 4 clusters show mildly subsolar [ 0/Fe] ratios (-0.0 4 — -0.11 dex), with star-to-star 



scatter less than 0.10 dex. For NGC 1978 iHill et all (120001 ) measured [O/Fe]=0.37 dex with 



a star-to-star scatter of 0.10 dex, clearly in disagreement with our determination ([0/Fe]=- 
0.11 dex), but this discrepancy can be again manly ascribed to the different iron content. 
For the other elements, the [a/Fe] turns out to be roughly solar, with a mild enhancement 
of [Mg/Fe] (~0. 10-0.19 dex) and [Ti/Fe] in NGC 2173 (0.15 dex). 



4.4. s and r-process elements 



Several s-process elements, namely the light Y and Zr and the heavy Ba, La, Ce and 
Nd have been measured, together with Eu, a r-process element. 

The Ba abundance was derived by measuring the EWs of three lines. We tested the 
possible impact of the HFS by performing a spectral synthesis using both the single compo- 
nent line and the separated HFS components taken from the linelist by iProchaskal (120001 ). 
The inclusion of the HFS has a negligible (<0.5%) effect on the derived Ba abundance, due 
to the strong intensity of these lines, in which all the hyperfine componen ts in the line core 



are c ompletely saturated, reducing the HFS effects (see the discussion in IMc William et al. 



1995 ). This fi nding results in agreement with the analysis of the Ba line at A6496.91 A by 
Norrid (jl997al ). This was also verified by mean of spectrum synthesis simulations of the three 
lines, using bo th the sing l e cona ponent line and the separated HFS components taken from 
the linelist by IProchaskal (120001 ). In Tab. [12] we report the comparison between the EWs 
measured on synthetic spectra of Ba lines computed both with and without HF S, for some 
target stars with different atmospheric parameters. HFS components are from iProchaska 



- 12 - 



( 120001 ) ■ The very small differences confirm that the effect of inclusion of HFS is negligible for 
these lines. Ce has an even atomic number Z=58 and all of the isotopes have even neutron 
number hence there is no HFS. However, aii isotop ic splitting is possible but we did not 
consider it since the calculations of lAoki et al.l (120011 ) show that it has a negligible impact 
on the derived abundance. The Nd line HFS can be neglec ted, because the only i sotopes 
(the odd ^"^^Nd and ^^^Nd) that show it account for ~20% JPen Hartog et allboosh of the 
total abundance, only. The Lall line at A 6390.46 A exhibits in all the target stars EWs 
small enough (^70 m.A) to safely ignore the HFS. Finally, Eu abundances have been derived 
by performing a s pectrum synthesis f itting, by using the HFS parameters for the Eu at A 
6645.11 A line by iLawler et al.l (120011 ). We noted as the average values of [Eu/Fe] in each 
cluster result very similar to the ones obtained by using the EW measurements (and ignoring 
possible HFS effects) but w ith a reduced star-to -star scatter, in agreement with the results 
obtained only from EWs by lGratton et al.l (120061 ) and ICarretta et al.l (120071 ) for the Galactic 
GCs NGC 6441 and NGC 6338, respectively (whose metallicity is very similar to the mean 
metal abundance of the present sample, although based on higher S/N spectra). 

In all the target clusters [Y/Fe] and [Zr/Fe] ratios result significantly depleted (<-0.30 
dex) with respect to the solar value. Heavy-s elements show enhanced (~0. 20-0. 45 dex) 
[Ba/Fe], [La/Fe] and [Nd/Fe] ratios but [Ce/Fe] which turns out to be solar. Finally, all the 
clusters display an enhanced (>0.30 dex) [Eu/Fe] abundance ratio. 



5. Discussion 



All the 4 LMC globulars analysed here, belonging to the same age population but lo- 
cated in different regions of the LMC disk, result to be metal-rich, with a mean metallicity 
of [Fe/H]=-0.38 dex (rms=0.09 de x). This finding c onfirm s th e previous low-res o lution anal- 
ysis based on the Ca II triplet by lOlszewski et al.l (Il99ll ) and lGrocholski et al.l (120061 ). that 
showed as the y oung and intermediate -age LMC clusters exhibit a very narrow metallic- 
ity distribution (iGrocholski et al.l |2006| . estimated a mean metallicity of -0.48 dex with a 
rms=0.09 dex from 23 intermediate-age clusters). Our metalli cities are a l so con sistent with 
the mean metallicity of the LM C Bar ([Fe/H]=-0.37 dex) by ICole et al.l J2005h and of the 
LMC disk ([Fe/H]~-0.5 dex) bv lCarrera et al.l (120071). The th eoretical scenario for the for- 
mation of the LMC and its GCs drawn by iBekki et al.l (120041 ) indicates as the efficient GC 
formation does not occur until the LMC and the SMC start to interact violently and closely 
(~3 Gyr ago). Moreover, also the formation of the Bar is predicted to occur in the last ~5 
Gyr. The similar iron content between the LMC GC system and the LMC Bar seems to 
confirm this hypothesis. 
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Our chemical analysis also evidences a high degree of homogeneity for all the elements. 
Even the abundances of Na and Al show a low dispersion, at variance with Galactic GCs 
which show strong 0-Na and Mg-Al anticorrelations (see e.g. iGratton. Sneden &: Carretta 
2004 . for an extensive review). 



The depletion (by a factor of 2-3) of [Na/Fe] and [Al/Fe] abundance ratios with respect 
to the solar and Galactic thin disk values, is consistent with the one observed in the LMC 
and Sgr fields. These two elements are li kely connec t ed to the SNII, because their main pro- 
duction sites are C and Ne burning (see |Pagellll997l : iMatteuccil 120031 ) . respectively. Another 
possible channel to produce Na and Al are the p-captures in the intermediate-mass AGB 
stars (NeNa and MgAl cycles). However, the high degree of homogeneity of their abundance 
in the LMC clusters and the lack of clear Na-0 and Mg-Al anti-correlations seem to favor 
the SNII channel for their production. Al so, siiice the Na and Al yields depend on the neu- 
tron excess and increase with metallicity (jPagellll997l ). under-abundant [Al/Fe] and [Na/Fe] 
ratios suggest that the gas from which the LMC clusters formed, should have been enriched 
by relatively low-met allicity SNII. 

Also the a-elements are produced mainly by high-mass stars which end their short life 
exploding as SN II, but at variance with Na and Al, their production factors are poorly 
sensitive to metallicity. The [a/Fe] ratio represents a powerful diagnostics to clarify the 
relative role played by SNII (producers of a-elements) and SNI a (main produ cers of Fe) in 
the chemical enrichment process. Indeed, there is time delay (iTinsleyl Il979l ) between the 



explosion of SNII , occurring sinc e the onset of the star formation event, and SNIa, which 
happen later on (lGreggidl2005al ). The roughly solar [a/Fe] abundance ratios measured in 
the LMC GCs well match those found in the LMC field and MW thin disk intermediate-age 
populations and are consistent with a standard scenario, where SNIa had enough time to 
significantly enrich the gas with iron. Some depletion of [Mg/Fe], [Ca/Fe] and [Ti/Fe] is 
observed in the Sgr stars. 

The bulk of the iron-peak elements are produced by the SNIa, fr om stars with interme diate- 
mass progenitors and located in single-de generate binary system s ( llwamoto et al.l 119991 ). or 
from double-degenerate binary systems (llben fc Tutukovl Il984l ). Our derived abundances 
for these elements well trace iron, as do the LMC field and MW thin disk stars. We only 
note a mild discrepancy be tween our [Ni/Fe] sol ar ratio and the slightly underabundant 
([Ni/Fe]~-0.2 dex) values by lPompeia et al.l (120061 ). also observed in the Sgr stars that show 
a significant depletion (by a factor of 2-3) of iron-peak ele ments. It is interesting to note 
that the old LMC clusters analysed by IJohnson et al.l (120061 ) show a general depletion of the 
[iron-peak/Fe] ratios (in particular [V/Fe] and [Ni/Fe]): actually, an explanation for such a 
depletion for the iron-peak elements is still lacking. 
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The elements heavier than the iron-peak group are not built up from thermonuclear 
burning but via a sequences of neutron captures on seed Fe or Ni nuclei. If the time-scale of 
the neutron capture sequence is longer than the typical time-scale of the /3-decay, the resulting 
elements are called slow or s-process elements, while in case of fast neutron capture, the 
elements are called rapid or r-process elements. The s-process elements are mainly produced 
by low-mass (~l-4 Mq) AGB stars during the thermal instabilities developing above the 
quiescent He-burning shell (the so-called maiii-compon ent), with a minor contribution by 
the high mass stars ( the so-called weai-component) (see Busso. Gallino fc WasserburgI 1999 : 



Travaglio et al.ll2004l ). The bulk of these neutron captures are connected to the ^^C(a, nY^O 
and '^'^Ne{a,n)'^^Mg reactions, which are major sources of neutrons. 

The behaviour of the s-process elements in the LMC clusters appears to be dichotomic, 
with a deficiency of light s-elements (Y and Zr) and an enhancement of heavy ones (Ba, La 
and Nd), with the only exception of Ce, that shows a solar [Ce/Fe] abundance ratio. The 
[Ba/Y] abundance ratio represents a pow erful diagnostic o f the relative contribution of the 
heavy to the light s-process elements (see I Venn et al.ll2004l ). In our LMC clusters [Ba/Y] is 
enha nced by ~0.9-l dex (see Fig. 8) : sim ilar values ha ve been observed also in the LMC 
field JhIU et all ^9951 : iPompeia et al.l 120061 ) and in Sgr (jSbordone et al.l 120071 ) , but not in 
the MW, where the [Ba/Y] ratio is solar at most. The interpretation of these abundance 
patterns is complica ted by the complexity (and uncertainty) of the involved nu cleosynthesis. 
Theoretical models (IBusso. Gallino fc Wasserburgll999l : iTravaglio et al.ll2004j ) indicate that 
the AGB yields could be metallicity-dependent. In particular, the heavy-s elements have 
their maximum production factor at lower metallicities than the light-s ones. Hence, a 
high [Ba/Y] ratio could suggest a major pollution of the gas by low-metallicity AGB stars. 
Moreover, abundance patterns for [Y/Fe] and [ Ba/Fe] consist e nt wi th the Galactic values 
have been observed in the old LMC cluster by iJohnson et al.l (120061 ). Being these objects 
the first ones formed in the LMC, these clusters have been not contaminated by the AGB 
stars, because the low-mass AGB stars had no time to evolve and incorporate completely 
their yields in the interstellar medium (differently to the intermediate-age clusters). 

The [Eu/Fe] abundance ratio (see Fig. 8) measured in the LMC clusters and Sgr stars is 
enhanced by a factor of two with respect to the Galactic thin disk value. This is somewhat 
puzzling and inconsistent with the solar < \a / Fe] > measured in all the three enviro nments. 
Indeed, Eu is a typical r-process element (lArlandini et al.l Il999l : iBurris et al.l 120001). whose 
most promising site of nucleosynthesis are SNII (SNII with low (M<11 M0. ICowan fc Sneden 
20041 ) mass pr ogenitors are interesting candidates), although other alternative sites are pos- 
sible (see e.g. ICowan fc SnedenI |2004| ). Such an anomalous high [Eu/Fe] abundance ratio 
seems to suggest that in the LMC clusters and Sgr the Eu is not or not only synthesized in 
a similar fashion as the a-elements. 
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Finally, the ratio between the s-process elements (which are predominantly formed 
through slow neutron captures, with a minor contribution from rapid neutron captures) 
and Eu (a pure r-process element) represents a powerful diagnostics to estimate the relative 
contribution of the different neutron-capture processes. The theoretical solar [Ba/ Eu] in 
case of pure rapid neutron captures turns out to be -0.70 dex (lArlandini et al.lll999l ). The 
[Ba/Eu]~0.0 dex abundance ratios measured in the LMC clusters as well as in the Galactic 
thin disk and Sgr stars, suggest that s-process elements should be mainly produced by AGE 
stars through slow neutron captures, with a minor (if any) contribution from massive SNII 
through rapid neutron captures. 

At variance, the strong [Y/Eu] (<-0.7 dex) depletion measured in the LMC clusters and 
Sgr stars is very different from the higher values ([Y/Eu]~-0.20 dex at [Fe/H]=-0.40 dex, 
see Fig. 8) observed in the thin disk stars. This may suggest that rapid neutron captures 
can also hav e a different role i n the production of light and heavy s-process elements, (as 
suggested by IVenn et al.l (120041 ) in order to explain similar patterns in the dSphs) but this 
seems to be environment-dependent. Alternatively, galactic winds co uld have been more 
effect ive in removing these elements from the LMC and Sgr (see e.g. iMatteucci fc Chiosi 
1983h . 



6. Conclusions 

We performed a detailed abundance analysis of the most important chemical elements 
of 27 giant stars members of 4 LMC intermediate-age clusters. We compared the inferred 
abundance patterns with those of other intermediate age populations in different galactic 
environments, namely the LMC field, the Galactic thin disk and the Sgr dwarf spheroidal. 
Such an analysis allows us to obtain important information about the chemical properties 
of the intermediate-age population of the LMC: 

(1) As unequivocally traced by both field and cluster stars, the intermediate-age popu- 
lation of the LMC is metal-rich, with an average iron content between 1/3 and half solar. 

(2) The interstellar medium from which these stars formed had the time to be signif- 
icantly enriched by SNIa and AGB star ejecta, as traced by the [a/Fe] and [s-process/Fe] 
abundance patterns. 

(3) An enhanced pollution of the gas (from which these clusters formed) by SNII and 
AGB stars with low metallicity could explain either the depletion of [Al/Fe] and [Na/Fe] and 
the enhancement of the [Ba/Y] abundance ratios with respect to the values measured in the 
Galactic thin disk stars. 
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(4) The lack of clear 0-Na and Mg-Al anti-correlations seems to indicate that the studied 
LMC clusters did not undergo appreciable self-enrichment, as likely did the old Galactic GCs, 
but this has to be proven on a better statistical ground. 

(5) The enhanced [Eu/Fe] ratios appear to be in contradiction with the solar [a/Fe] 
ratio, despite the same nucleosinthetic site (massive stars). This decoupling between r- and 
a-elements seems to be a distinctive feature of several extragalactic environments (LMC, 
SMC, Sgr, dSphs). 

The chemical analysis of these clusters provides an overall picture of the metal-rich, 
intermediate-age component of the LMC cluster system, remarkably different with respect 
to the Galactic field populations of similar ages and mctallicitics. Wc found similar [a/Fe] and 
[iron-peak/Fe] ratios and discrepant light Z-odd and neutron-capture elements. Moreover, 
the comparison with the Sgr dSph evidences some likeness ([Na/Fe], [Al/Fe] and the neutron 
capture elements pattern) but also several differences (as the average value of the [a/Fe] and 
[iron-peak/Fe] ratios). Our results point toward a scenario of chemical evolution dominated 
by previous generations of low-metallicity stars, able to produce the observed depletion of 
hght Z-odd elements as well as the behaviour of the s-process elements. The extension of 
our study to additional younger and older LMC clusters will provide new insight towards 
the understanding of the LMC formation and chemical enrichment history. 
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Fig. 1. — K, J-K color-magnitu de diagrams for the upper RGB of the 4 observed LMC 
clusters ( Mucciarelli et alibood ): the black points indicate the target stars of the present 



work. 
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Fig. 2. — The trend of the derived abundances from Fe I hnes for the star NGC 2173-8 as 
a function of the excitation potential x (upper panel), the expected line strength (middle 
panel) and the wavelength (lower panel). The dashed lines represent the linear fit to each 
distribution. 
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Fig. 3. — The slopes of the relationship between the neutral iron abundances and the ex- 
citation potential x for individual stars in each cluster as a function of T^ff. Dashed lines 
represent the average slope for each cluster. 
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Fig. 4. — The trend of [Na/Fe] and [Al/Fe] as a function of [Fe/H] (upper and lower panel 
respectively) for the 4 analysed LMC clusters (big grey points). For comparis on, previous de 



termin ations of these abundance ratios in the LMC field (emp t y trian gles from lPompeia et al. 



( 2006 )). other LMC cl usters (empty squar es from Hill et al. ( 200Cll )). the G alactic thin disk 



(little grey points fromlReddy et al.l (I20031)') and S gr (li ttle black points from 



Bonifacio et al. 



(1200(1 ) . Monaco et al.l (120051 ) . Monaco et all (120071 ) and lSbordone et al.l (120071 )) are also plot- 
ted. 



-26- 



0.6 
0.4 
0.2 


■0.2 
0.4 

0.6 
0.4 
0.2 

0.2 
0.4 

0.6 
0.4 
0.2 


■0.2 
■0.4 



_ 1 1 1 1 1 1 1 1 1 _ 

- [0/Fe] 

• 

J 1 1 1 1 1 1 1 1 ^ 


_ 1 1 1 1 1 1 1 1 1 1 1 _ 

. [Mg/Fe] 

A 4 % 

• • • • 

• • • , - 
• 

J 1 1 1 1 1 1 1 1 : 


- [Si/Fe] 

" ^A ^ 


[Ca/Fe] 

• 

^ A /V ^/A^"^ ^.r>0 ] 

- ^ ^^^^^^ ^ ,A^3i » • " 

A • A • 

- 1 ""l 1- 

1 1 1 1 1 1 1 1 1 1 1 1 


J 1 1 1 1 1 1 1 1 T 

- [Ti/Fe] - 

- ^^^^ A.-- • - 

A , . 

• • 

~l 1 1 1 1 l«l 


-1 -0.5 
[Fe/H] 



-0.5 
[Fe/H] 







Fig. 5. — The trend of a-elements ([O, Mg, Si, Ca, Ti/Fe]) as a function of [Fe/H] for the 4 
analysed LMC clusters (same symbols and references of Fig. 4). 
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Fig. 6. — The trend of iron-peak elements ([Sc, 
(same symbols and references of Fig. 4). 



V, Cr, Co, Ni/Fe]) as a function of [Fe/H] 
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Fig. 7. — The trend of light ([Y,Zr/Fe]) and heavy ([Ba, La, Ce, Nd/Fe]) s-process elements 
as a function of [Fe/H] (same symbols and references of Fig. 4). 
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Fig. 8.— The trend of [Ba/Y], [Eu/Fe], [Y/Eu] and [Ba/Eu] as a function of [Fe/H] (same 
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Note. — The adopted E(B-V) reddening values (jPersson et al.lll983l ) 
are 0.1 for NGC 1651, NGC 1783 and NGC 1978, and 0.07 for NGC 2173. 
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Table 2. Equivalent widths from UVES spectra for the sample stars (in electronic form). 
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Table 3. Sensitivities of the abundance ratios to the variation of the atmospheric 
parameters (Te//, log g, [A/H], vt), with the corresponding average number of used hues 
{< N >) and the error of the abundance associated to the EW (aEw): ^ computed for star 

NGC 1783-29. 
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Table 4. Adopted atmospheric parameters and inferred neutral and ionized iron 
abundances. Adopted reference solar are log n(Fe I)=7.54 and log n(Fe II)=7.49. 
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Table 5. Chemical abundances, number of measured lines and line-to-line scatter for O, 

Na, Mg and Al. 
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0.16 


2 


-0.59 


0.02 


1783-22 


2 


-0.04 


0.06 


4 


-0.13 


0.13 


3 


+0.09 


0.05 


2 


-0.45 


0.12 


1783-23 


2 


-0.12 


0.11 


4 


-0.12 


0.09 


3 


+0.12 


0.05 


2 


-0.43 


0.07 


1783-29 


2 


0.00 


0.04 


4 


-0.21 


0.13 


4 


+0.09 


0.09 


2 


-0.45 


0.06 


1783-30 


2 


-0.12 


0.07 


4 


-0.20 


0.13 


4 


+0.19 


0.15 


2 


-0.36 


0.08 


1783-32 


2 


-0.04 


0.10 


4 


-F0.03 


0.08 


3 


+0.09 


0.08 


2 


-0.73 


0.07 


1783-33 


2 


-FO.Ol 


0.09 


4 


-fo.oo 


0.11 


4 


+0.17 


0.14 


2 


-0.55 


0.09 


1978-21 


2 


-0.03 


0.06 


4 


-0.35 


0.07 


4 


+0.17 


0.16 


2 


-0.53 


0.08 


1978-22 


2 


-0.20 


0.08 


4 


-0.05 


0.13 


4 


+0.12 


0.12 


2 


-0.50 


0.01 


1978-23 


2 


-0.15 


0.07 


4 


+0.10 


0.11 


4 


+0.21 


0.09 


2 


-0.55 


0.18 


1978-24 


2 


-0.14 


0.11 


4 


-0.24 


0.14 


4 


+0.19 


0.15 


2 


-0.41 


0.11 


1978-26 


2 


+0.02 


0.08 


4 


-0.25 


0.11 


4 


+0.23 


0.07 


2 


-0.61 


0.02 


1978-28 


2 


-0.05 


0.05 


4 


-0.06 


0.15 


4 


+0.22 


0.12 


2 


-0.55 


0.02 


1 978-29 


2 


-0 06 

\J .\J\J 


08 


4 


-0 09 


09 


4 


-1-0 22 


10 

\j . ±.\j 


2 


-0 57 


05 


1978-32 


2 


-0.08 


0.07 


4 


-0.19 


0.09 


4 


+0.19 


0.07 


2 


-0.39 


0.08 


1978-34 


1 


0.02 




3 


-0.36 


0.09 


3 


+0.19 


0.11 


2 


-0.56 


0.05 


1978-38 


2 


-0.02 


0.08 


4 


-0.24 


0.13 


4 


+0.20 


0.10 


2 


-0.54 


0.08 


1978-42 


2 


-0.10 


0.10 


4 


-0.21 


0.11 


4 


+0.11 


0.15 


2 


-0.55 


0.02 


2173-4 


2 


-0.04 


0.12 


4 


+0.27 


0.11 


4 


+0.15 


0.08 


2 


-0.32 


0.03 


2173-5 


2 


-0.11 


0.10 


4 


+0.04 


0.09 


4 


+0.07 


0.13 


2 


-0.35 


0.07 


2173-6 


2 


-0.07 


0.07 


4 


-0.29 


0.09 


3 


+0.09 


0.05 


2 


-0.40 


0.01 


2173-8 


2 


-0.08 


0.07 


4 


+0.18 


0.12 


4 


+0.15 


0.08 


2 


-0.14 


0.09 


2173-10 


2 


-0.05 


0.08 


4 


-0.23 


0.11 


4 


+0.04 


0.16 


2 


-0.36 


0.07 



Note. — Oxygen abundances are derived from spectral synthesis. Sodium abundances are 
corrected for departures from LTE. 
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Table 6. Chemical abundances, number of measured lines and line-to-line scatter for Si, 

Ca, Sc and Ti. 



Star ID 


n 


[Si/Fel 


rms 


n 


[Ca/Fe] 


rms 


n 


[Sc/Fe]II 


rms 


n 


[Ti/Fel 

L / J 


rms 






(dex) 


(dex) 




(dex) 


(dex) 




(dex) 


(dex) 




(dex) 


(dex) 


logA^o 




7.53 






6.27 






3.13 






5.00 




1651-6 


4 


-0.12 


0.10 


12 


+0.04 


0.16 


5 


-0.06 


0.12 


15 


+0.11 


0.14 


1651-8 


3 


+0.00 


0.04 


12 


+0.00 


0.17 


5 


-0.11 


0.10 


13 


+0.11 


0.13 


1651-10 


3 


-0.01 


0.10 


12 


-0.02 


0.14 


5 


+0.03 


0.15 


11 


+0.09 


0.13 


1651-12 


4 


-0.12 


0.10 


11 


+0.03 


0.16 


4 


-0.09 


0.09 


9 


+0.04 


0.06 


1651-16 


3 


-0.12 


0.07 


11 


-0.07 


0.13 


4 


+0.00 


0.15 


18 


+0.15 


0.15 


1783-22 


2 


+0.04 


0.04 


13 


-0.09 


0.13 


5 


-0.06 


0.16 


14 


+0.06 


0.16 


1783-23 


4 


+0.10 


0.07 


13 


-0.13 


0.12 


5 


-0.16 


0.14 


12 


-0.06 


0.07 


1783-29 


3 


-0.06 


0.04 


12 


-0.07 


0.13 


5 


-0.04 


0.16 


13 


+0.13 


0.09 


1783-30 


3 


-0.04 


0.06 


12 


-0.17 


0.14 


3 


-0.16 


0.06 


13 


+0.03 


0.15 


1783-32 


3 


+0.05 


0.08 


13 


-0.17 


0.09 


5 


-0.01 


0.10 


16 


+0.00 


0.14 


1783-33 


1 


+0.07 


0.12 


12 


-0.15 


0.09 


1 


-0.10 


0.08 


12 


+0.01 


0.11 


1978-21 


3 


+0.06 


0.11 


13 


-0.14 


0.13 


5 


-0.18 


0.11 


15 


+0.18 


0.13 


1978-22 


3 


+0.10 


0.02 


14 


-0.12 


0.18 


4 


-0.15 


0.06 


13 


-0.02 


0.09 


1978-23 


4 


+0.14 


0.07 


14 


-0.10 


0.15 


4 


-0.26 


0.06 


14 


+0.11 


0.17 


1978-24 


4 


+0.10 


0.02 


12 


-0.13 


0.17 


4 


-0.06 


0.13 


12 


+0.08 


0.15 


1978-26 


4 


+0.05 


0.12 


9 


-0.17 


0.07 


5 


-0.18 


0.15 


15 


+0.16 


0.15 


1978-28 


3 


+0.11 


0.09 


12 


-0.11 


0.15 


5 


-0.14 


0.15 


13 


+0.07 


0.12 


1978-29 


4 


+0.14 


0.08 


11 


-0.10 


0.17 


5 


+0.01 


0.12 


15 


+0.04 


0.17 


1978-32 


3 


+0.17 


0.06 


13 


-0.11 


0.14 


3 


-0.23 


0.08 


13 


-0.09 


0.15 


1978-34 


3 


+0.05 


0.03 


12 


-0.08 


0.17 


4 


-0.15 


0.08 


13 


+0.08 


0.12 


1978-38 


3 


+0.08 


0.09 


14 


-0.08 


0.16 


5 


-0.09 


0.14 


16 


+0.00 


0.19 


1978-42 


4 


+0.04 


0.07 


8 


-0.18 


0.08 


5 


-0.31 


0.11 


17 


+0.06 


0.18 


2173-4 


4 


+0.07 


0.10 


11 


+0.00 


0.16 


4 


-0.11 


0.10 


10 


+0.18 


0.15 


2173-5 


4 


+0.04 


0.04 


12 


-0.01 


0.14 


5 


-0.19 


0.13 


14 


+0.19 


0.16 


2173-6 


3 


+0.13 


0.11 


11 


+0.02 


0.14 


4 


-0.14 


0.09 


17 


+0.15 


0.15 


2173-8 


4 


+0.05 


0.07 


13 


+0.00 


0.16 


5 


-0.15 


0.09 


19 


+0.12 


0.09 


2173-10 


4 


+0.07 


0.10 


12 


-0.09 


0.16 


4 


+0.00 


0.08 


13 


+0.09 


0.06 



Note. — 



Scandium abundances include HFS corrections. 
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Table 7. Chemical abundances, number of measured lines and line-to-line scatter for V, 

Cr, Co and Ni. 



Star ID 


n 


[V/Fe] 


rms 


n 


[Cr/Fe] 


rms 


n 


[Co/Fe] 


rms 


n 


[Ni/Fe] 


rms 






(dex) 


(dex) 




(dex) 


(dex) 




(dex) 


(dex) 




(dex) 


(dex) 


log TV© 




0.97 






5.67 






/I no 






a 00 




1651-6 


8 


-1-0.09 


0.08 


10 


f\ 'A A 

-0.14 


Air" 

0.15 


2 


A A A 

-0.02 


A A/^ 

0.06 


A 

23 


1 A AA 

+0.00 


0.16 


iooi-o 


Q 


1 n no 


U.lo 


lo 


n nn 
U.UL) 


U.i4 



z 


n no 
-U.Uz 


n nc: 
U.Uo 


O/l 


n c\A 
-U.U4 


n 1 Q 
U.lo 


1651-11) 


6 


-1-0.05 


0.06 


1 

12 


-(J.Id 


(J.lL) 



3 


n ni 
-U.Ul 


nil 
U.ll 


00 
23 


1 n nT 
+U.U7 


(J.Id 


iooi-iz 





-U.Uo 


n no 
O.Oo 


12 


-U.U4 


U.lo 


3 


-0.06 


n no 
0.02 


0^ 
2 I 


n no 
-0.02 


U.lo 


lo5i-io 


9 


-0.03 


n 1 
0.12 


15 


-0.08 


0.15 


2 


n no 

-0.03 


n 1 /I 
0.14 


on 

30 


1 n c\n 

+0.06 


A T 

0.13 


1783-22 


7 


-1-0.14 


0.11 


13 


-0.16 


Air" 

0.15 


2 


1 A A 

+0.07 


A A /I 

0.04 


A A 

24 


1 A A A 

+0.00 


Air" 

0.15 


1783-23 


7 


"1 

-0.13 


0.15 


i A 

14 


r\ c\-\ 

-0.21 


Air" 

0.15 


3 


A A 

-0.05 


A A 

0.05 


A n 

26 


A A 1 

-0.01 


A "1 

0.16 


1783-29 


7 


-f0.13 


A 1 /I 

0.14 


13 


-0.05 


A 1 

0.16 


3 


1 A A r 

+0.05 


A A A 

0.09 


A r 

25 


1 A A A 

+0.00 


A 1 A 

0.12 


1783-30 


5 


-0.04 


0.12 


16 


-0.19 


A 1 r 

0.15 


3 


1 A AA 

+0.00 


0.06 


A r 

25 


A A r 

-0.05 


0.16 


1783-32 


7 


-1-0.05 


Air" 

0.15 


14 


A A^ 

-0.07 


Air" 

0.15 


3 


A A A 

-0.09 


A AO 

0.08 


A V 

25 


A A 1 

-0.01 


Air" 

0.15 


1 / 83-33 




-U.Ul 


(J. 15 


1 1 


-O.Oo 


O.IC) 


■") 

3 


+0.05 


0.10 




+0.U2 


(J . 1 C) 


1978-21 


9 


-F0.03 


0.16 


15 


-0.12 


0.16 


3 


-0.12 


0.15 


23 


+0.02 


0.14 




6 


-0.09 


0.13 


1 A 
14 


AIT 

-0.17 


A 1 C 

0.15 




3 


A 1 A 

-0.10 


A 1 

0.15 


26 


1 A AO 

+0.08 


A 1 

0.15 


1978-23 


5 


-1-0.16 


0.07 


1 

13 


A AO 

-0.03 


A 1 'V 

0.17 


3 


A "1 

-0.13 


A 1 A 

0.12 


A/^ 

26 


1 A "1 "1 

+0.11 


A "1 P" 

0.15 


1978-24 


6 


-1-0.18 


0.13 


1 A 

14 


A "1 

-0.13 


A 1 

0.16 


2 


1 AAA 

+0.09 


A A 

0.05 


A 

25 


1 A "1 

+0.13 


A i P" 

0.15 


1978-26 


6 


-1-0.22 


0.16 


14 


A 1 A 

-0.12 


A 1 

0.16 


3 


A "1 1 

-0.11 


A 1 1 

0.11 


A P* 

25 


1 A "1 A 

+0.10 


A 1 

0.16 


1 C\ '"70) C\ 

1978-28 


5 


-1-0.15 


0.08 


9 


A A 1 

-0.01 


Air* 

0.15 


3 


1 A A /I 

+0.04 


A 1 

0.13 


A '1 

27 


1 A A 1 

+0.01 


A 1 

0.16 


1978-29 


6 


-F0.05 


0.10 


14 


-0.10 


0.15 


3 


+0.00 


0.06 


23 


+0.04 


0.10 


1978-32 


5 


+0.13 


0.12 


13 


-0.14 


0.16 


3 


+0.09 


0.13 


24 


+0.02 


0.14 


1978-34 


6 


+0.00 


0.17 


12 


-0.20 


0.15 


2 


+0.00 


0.05 


20 


+0.11 


0.16 


1978-38 


7 


-0.14 


0.05 


13 


-0.16 


0.12 


3 


+0.11 


0.15 


31 


-0.05 


0.15 


1978-42 


7 


-0.02 


0.17 


11 


-0.17 


0.16 


3 


+0.03 


0.15 


31 


-0.02 


0.12 


2173-4 


7 


+0.04 


0.09 


18 


-0.08 


0.16 


3 


-0.11 


0.13 


30 


-0.15 


0.16 


2173-5 


7 


+0.09 


0.10 


12 


+0.03 


0.12 


3 


+0.03 


0.10 


27 


-0.05 


0.1 


2173-6 


8 


-0.03 


0.13 


11 


-0.05 


0.17 


3 


+0.01 


0.13 


16 


-0.07 


0.13 


2173-8 


11 


-0.11 


0.16 


17 


-0.11 


0.14 


3 


-0.10 


0.14 


35 


-0.04 


0.13 


2173-10 


8 


-0.13 


0.07 


12 


-0.06 


0.14 


4 


-0.20 


0.15 


32 


-0.05 


0.15 



Note. — Vanadium and Cobalt abundances include HFS corrections. 
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Table 8. Chemical abundances, number of measured lines and line-to-line scatter for Y, 

Zr, Ba and La. 



Star ID 


n 


[Y/Fe]II 


rms 


n 


[Zr/Fe] 


rms 


n 


[Ba/Fe]II 


rms 


n 


[La/Fe]II 


rms 






(dex) 


(dex) 




(dex) 


(dex) 




(dex) 


(dex) 




(dex) 


(dex) 


logA^Q 




2.22 






2.60 






2.22 






1.22 




1651-6 


3 


-0.39 


0.02 


3 


-0.53 


0.08 


3 


+0.44 


0.11 


1 


+0.19 


— 


1651-8 


2 


-0.27 


0.16 


3 


-0.41 


0.13 


3 


+0.49 


0.08 


1 


+0.34 


— 


1651-10 


3 


-0.51 


0.11 


2 


-0.49 


0.01 


3 


+0.49 


0.09 


1 


+0.26 


— 


1651-12 


2 


-0.32 


0.08 


2 


-0.41 


0.07 


3 


+0.38 


0.01 


1 


+0.12 


— 


1651-16 


2 


-0.50 


0.12 


1 


-0.39 


— 


3 


+0.44 


0.04 


1 


+0.11 


— 


1783-22 


2 


-0.64 


0.03 


3 


-0.38 


0.11 


3 


+0.43 


0.09 


1 


+0.34 


— 


1783-23 


2 


-0.40 


0.09 


3 


-0.57 


0.07 


3 


+0.44 


0.10 


1 


+0.28 


— 


1783-29 


2 


-0.48 


0.01 


3 


-0.57 


0.07 


3 


+0.44 


0.09 


1 


+0.35 


— 


1783-30 


3 


-0.58 


0.14 


2 


-0.39 


0.02 


2 


+0.40 


0.12 


1 


+0.25 


— 


1783-32 


2 


-0.59 


0.02 


3 


-0.67 


0.06 


2 


+0.44 


0.13 


1 


+0.37 


— 


1783-33 


3 


-0.43 


0.13 


2 


-0.64 


0.04 


3 


+0.37 


0.08 


1 


+0.31 


— 


1978-21 


2 


-0.42 


0.06 


3 


-0.29 


0.10 


3 


+0.48 


0.11 


1 


+0.31 


— 


1978-22 


3 


-0.42 


0.08 


3 


-0.44 


0.07 


3 


+0.37 


0.11 


1 


+0.10 


— 


1978-23 


1 


-0.54 


— 


2 


-0.26 


0.07 


3 


+0.49 


0.09 


1 


+0.20 


— 


1978-24 


2 


-0.41 


0.05 


2 


-0.52 


0.06 


3 


+0.47 


0.10 


1 


+0.09 


— 


1978-26 


2 


-0.70 


0.11 


3 


-0.52 


0.12 


2 


+0.37 


0.04 


1 


+0.30 


— 


1978-28 


2 


-0.57 


0.04 


3 


-0.32 


0.13 


3 


+0.52 


0.10 


1 


+0.28 




1978-29 


2 


-0.68 


0.06 


3 


-0.56 


0.13 


3 


+0.34 


0.13 


1 


+0.19 




1978-32 


2 


-0.50 


0.02 


2 


-0.65 


0.01 


3 


+0.38 


0.03 


1 


+0.22 




1978-34 


2 


-0.65 


0.11 


3 


-0.38 


0.14 


3 


+0.50 


0.13 


1 


+0.21 




1978-38 


3 


-0.46 


0.12 


3 


-0.48 


0.05 


3 


+0.57 


0.09 








1978-42 


1 


-0.55 




3 


-0.55 


0.08 


3 


+0.41 


0.11 


1 


+0.26 




2173-4 


2 


-0.34 


0.16 


3 


-0.37 


0.04 


3 


+0.44 


0.08 


1 


+0.17 




2173-5 


2 


-0.35 


0.05 


4 


-0.30 


0.05 


3 


+0.36 


0.11 


1 


+0.16 




2173-6 


2 


-0.35 


0.13 


3 


-0.35 


0.07 


3 


+0.40 


0.08 


1 


+0.29 




2173-8 


3 


-0.36 


0.18 


3 


-0.49 


0.11 


3 


+0.47 


0.09 


1 


+0.19 




2173-10 


3 


-0.21 


0.14 


2 


-0.44 


0.04 


3 


+0.42 


0.03 


1 


+0.18 
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Table 9. Chemical abundances, number of measured lines and line-to-line scatter for Ce, 

Nd and Eu. 



otar ijj 


n 




rms 


n 


[iNQ/ r CJii 


rms 


n 


[ii/U/ r CJii 


rms 






l^ciex ) 








l^dex ) 




l^ciexj 


(Aov\ 

(^dex) 


loeA^p, 




1.55 






1.50 






0.51 




1651-6 


1 


-0.03 




2 


+0.41 


0.15 


1 


+0.24 




1651-8 


1 


+0.03 




2 


+0.52 


0.08 


1 


+0.37 




1651-10 


1 


+0.16 




2 


+0.30 


0.06 


1 


+0.34 




1651-12 


1 


+0.08 




3 


+0.40 


0.03 


1 


+0.44 




1651-16 








2 


+0.22 


0.07 








1783-22 


1 


+0.08 




2 


+0.29 


0.01 


1 


+0.41 




1783-23 


1 


+0.00 




3 


+0.22 


0.07 


1 


+0.37 




1783-29 








3 


+0.30 


0.13 


1 


+0.39 




1783-30 


1 


+0.10 




2 


+0.40 


0.12 


1 


+0.34 




1783-32 


1 


-0.13 




1 


+0.21 










1783-33 


1 


-0.08 




2 


+0.49 


0.05 


1 


+0.57 




1978-21 


1 


-0.08 




3 


+0.56 


0.08 


1 


+0.34 




1978-22 


1 


+0.05 




3 


+0.44 


0.13 


1 


+0.51 




1978-23 


1 


-0.02 




3 


+0.39 


0.15 


1 


+0.34 




1978-24 








4 


+0.41 


0.07 








1978-26 


1 


-0.06 




3 


+0.36 


0.07 


1 


+0.31 




1978-28 


1 


+0.10 




2 


+0.31 


0.10 


1 


+0.35 




1978-29 


1 


-0 13 




3 


-1-0 32 


14 


1 


-1-0 54 




1978-32 


1 


+0.03 




3 


+0.33 


0.12 


1 


+0.37 




1978-34 








1 


+0.22 










1978-38 


1 


+0.03 




2 


+0.16 


0.02 


1 


+0.49 




1978-42 


1 


-0.02 




2 


+0.35 


0.08 








2173-4 


1 


-0.02 




2 


+0.31 


0.06 


1 


+0.37 




2173-5 


1 


+0.07 




3 


+0.42 


0.09 


1 


+0.39 




2173-6 


1 


+0.00 




2 


+0.21 


0.07 


1 


+0.56 




2173-8 


1 


-0.01 




2 


+0.36 


0.02 


1 


+0.49 




2173-10 


1 


+0.05 




2 


+0.20 


0.05 


1 


+0.54 





Note. — 



Europium abundances are derived from spectral synthesis. 
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Table 10. Mean abundance ratios for NGC 1651 and NGC 1783. 



NGC1651 NGC1783 



Ratio 




Mean 


^obs 






Mean 


^obs 








(dex) 


(dex) 


(dex) 




(dex) 


(dex) 


(dex) 


[0/Fe] 


5 


-0.07 


0.04 


0.14 


6 


-0.06 


0.08 


0.14 


[Na/Fe] 


5 


-0.21 


0.15 


0.11 


6 


-0.10 


0.10 


0.11 


[Mg/Fe] 


5 


+0.10 


0.04 


0.11 


6 


+0.12 


0.04 


0.10 


[Al/Fe] 


5 


-0.43 


0.21 


0.14 


6 


-0.49 


0.13 


0.14 


[Si/Fe] 


5 


-0.07 


0.06 


0.13 


6 


+0.03 


0.06 


0.12 


[Ca/Fe] 


5 


+0.00 


0.04 


0.13 


6 


-0.13 


0.04 


0.12 


[Sc/Fe\ll 


5 


-0.05 


0.06 


0.15 


6 


-0.08 


0.06 


0.14 


[Ti/Fe] 


5 


-0.03 


0.02 


0.16 


6 


+0.03 


0.06 


0.14 


[V/Fe] 


5 


+0.03 


0.06 


0.18 


6 


+0.02 


0.10 


0.15 


[Cr/Fe] 


5 


-0.08 


0.07 


0.12 


6 


-0.12 


0.07 


0.12 


[Fe/H] 


5 


-0.30 


0.07 


0.10 


6 


-0.35 


0.06 


0.07 


[Fe/H]ll 


5 


-0.19 


0.03 


0.21 


6 


-0.29 


0.06 


0.19 


[Co/Fe] 


5 


-0.03 


0.02 


0.17 


6 


+0.01 


0.06 


0.12 


[Ni/Fe] 


5 


+0.01 


0.05 


0.09 


6 


-0.01 


0.02 


0.07 


[Y/Fe]ll 


5 


-0.40 


0.11 


0.16 


6 


-0.52 


0.10 


0.14 


[Zr/Fe] 


5 


-0.45 


0.06 


0.22 


6 


-0.54 


0.13 


0.16 


[Ba/Fe]ll 


5 


+0.45 


0.04 


0.13 


6 


+0.42 


0.03 


0.10 


[La/Fe\ll 


5 


+0.20 


0.10 


0.21 


6 


+0.32 


0.04 


0.20 


[Ce/Fe]ll 


4 


+0.06 


0.08 


0.21 


4 


+0.01 


0.10 


0.19 


[Nd/Fe]ll 


5 


+0.37 


0.11 


0.14 


6 


+0.32 


0.11 


0.16 


[Eu/Fe]ll 


4 


+0.35 


0.08 


0.21 


5 


+0.42 


0.09 


0.20 
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Table 11. Mean abundance ratios for NGC 1978 and NGC 2173. 



Ratio 




NGC1978 
Mean 
(dex) 


^obs 

(dex) 


(dex) 




NGC2173 
Mean 
(dex) 


^obs 

(dex) 


(dex) 


[0/Fe] 


11 


-0.11 


0.08 


0.14 


5 


-0.04 


0.03 


0.14 


[Na/Fe] 


11 


-0.16 


0.13 


0.13 


5 


+0.01 


0.25 


0.11 


[Mg/Fe] 


11 


+0.19 


0.04 


0.14 


5 


+0.10 


0.05 


0.10 


[Al/Fe] 


11 


-0.52 


0.07 


0.14 


5 


-0.31 


0.10 


0.14 


[Si/Fe] 


11 


+0.09 


0.04 


0.12 


5 


+0.07 


0.03 


0.12 


[Ca/Fe] 


11 


-0.11 


0.05 


0.15 


5 


+0.00 


0.06 


0.13 


[Sc/Fe\ll 


11 


-0.17 


0.09 


0.15 


5 


-0.12 


0.07 


0.14 


[Ti/Fe] 


11 


+0.08 


0.07 


0.16 


5 


+0.15 


0.04 


0.16 


[V/Fe] 


11 


+0.05 


0.13 


0.18 


5 


-0.03 


0.09 


0.18 


[Cr/Fe] 


11 


-0.13 


0.04 


0.11 


5 


-0.05 


0.05 


0.11 


[Fe/H] 


11 


-0.38 


0.07 


0.10 


5 


-0.51 


0.07 


0.09 


[Fe/H]ll 


11 


-0.26 


0.06 


0.18 


5 


-0.37 


0.06 


0.15 


[Co/Fe] 


11 


-0.01 


0.09 


0.14 


5 


-0.07 


0.09 


0.13 


[Ni/Fe] 


11 


+0.05 


0.06 


0.09 


5 


-0.07 


0.04 


0.08 


[F/Fe]II 


11 


-0.54 


0.11 


0.14 


5 


-0.32 


0.06 


0.15 


[Zr/Fe] 


11 


-0.45 


0.12 


0.18 


5 


-0.39 


0.07 


0.18 


[Ba/Fe]ll 


11 


+0.45 


0.07 


0.11 


5 


+0.42 


0.04 


0.11 


[La/Fe\ll 


10 


+0.22 


0.08 


0.20 


5 


+0.20 


0.05 


0.20 


[Ce/Fe]ll 


9 


-0.01 


0.07 


0.20 


5 


+0.02 


0.04 


0.21 


[Nd/Fe]ll 


11 


+0.35 


0.11 


0.18 


5 


+0.30 


0.09 


0.16 


[Eu/Fe]ll 


8 


+0.41 


0.09 


0.20 


5 


+0.47 


0.09 


0.21 
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Table 12. Comparison between the EWs measured on synthetic spectra of Ba hnes 
computed both with and without HPS, for some target stars with differ ent atmospheric 
parameters. HPS components are from (jProchaskal l2000l ) . 



Star 


585§A 

(mA) 


5^53A 

(mA) 


614} A 

(mA) 


<3\ilA 

{m.A) 


(mA) 


EW^^^^ 

6496A 

(mA) 


1651-6 


176.3 


172.6 


260.5 


258.3 


262.0 


259.5 


1651-12 


162.9 


162.2 


271.4 


266.9 


230.9 


228.5 


1783-22 


170.7 


168.8 


274.0 


272.2 


231.0 


227.8 


1783-29 


159.5 


154.0 


253.9 


250.4 


252.1 


248.5 


1978-22 


163.4 


161.3 


277.4 


275.3 


259.5 


254.7 


1978-42 


164.1 


162.7 


252.9 


249.2 


250.4 


247.8 


2173-6 


177.6 


175.3 


258.4 


255.0 


244.3 


238.9 


2173-8 


179.1 


176.4 


252.7 


250.5 


243.0 


240.3 



